Recently, we and others described a new chromosomal rearrangement, that is, inv(7)(p15q34) and t(7;7)(p15;q34) involving the T-cell receptor beta (TCRb) (7q34) and the HOXA gene locus (7p15) in 5% of T-cell acute lymphoblastic leukemia (T-ALL) patients leading to transcriptional activation of especially HOXA10. To further address the clinical, immunophenotypical and molecular genetic findings of this chromosomal aberration, we studied 330 additional T-ALLs. This revealed TCRb-HOXA rearrangements in five additional patients, which brings the total to 14 cases in 424 patients (3.3%). Real-time quantitative PCR analysis for HOXA10 gene expression was performed in 170 T-ALL patients and detected HOXA10 overexpression in 25.2% of cases including all the cases with a TCRb-HOXA rearrangement (8.2%). In contrast, expression of the short HOXA10 transcript, HOXA10b, was almost exclusively found in the TCRb-HOXA rearranged cases, suggesting a specific role for the HOXA10b short transcript in TCRb-HOXA-mediated oncogenesis. Other molecular and/or cytogenetic aberrations frequently found in subtypes of T-ALL (SIL-TAL1, CALM-AF10, HOX11, HOX11L2) were not detected in the TCRb-HOXA rearranged cases except for deletion 9p21 and NOTCH1 activating mutations, which were present in 64 and 67%, respectively. In conclusion, this study defines TCRb-HOXA rearranged T-ALLs as a distinct cytogenetic subgroup by clinical, immunophenotypical and molecular genetic characteristics.
Introduction
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive malignancy of immature T cells characterized by high numbers of bone marrow and circulating blast cells, enlargement of mediastinal lymph nodes and often central nervous system involvement. 1 T-ALL accounts for approximately 15% of pediatric and 25% of adult ALL cases. During the past 20 years, a large number of genes involved in the pathogenesis of T-ALL have been identified by molecular characterization of recurrent chromosomal aberrations and cryptic alterations. 2 Several oncogenes initially identified by rare genetic alterations were shown to be functionally activated in subsets of T-ALLs such as LMO1, LMO2, LYL1, NOTCH1 in the absence of the corresponding genetic aberration. Recently, we 3 and others 4 described a new recurrent chromosomal aberration in a subgroup of T-ALLs affecting the TCRb (7q34) and HOXA (7p15) loci. This group of patients showed a significant upregulation of particular HOXA cluster genes, under the influence of regulatory sequences embedded in the TCRb locus. In this study, 3 especially HOXA10 showed a significant higher expression level in the TCRb-HOXA rearranged subgroup compared to non-TCRb-HOXA rearranged T-ALLs. Ectopic expression of HOXA cluster genes was already described in other cytogenetic subgroups of T-ALL, that is, MLL 5, 6 and CALM-AF10 rearranged cases, 4, 7, 8 further underlining the importance of HOXA genes in T-cell oncogenesis. The mechanisms underlying this overexpression are however different. Human leukemias and cell lines carrying MLL rearrangements show upregulated expression of especially 5 0 HOXA cluster genes, that is, HOXA5, HOXA7, HOXA9, HOXA10 and HOXA11. 5, 9, 10 In contrast, 3 0 HOXA genes showed low levels or no expression. 11 The transcriptional activation of HOX cluster genes by MLL was shown to be dependent on histone H3 methylation of HOX genes, with HOXA9 and HOXA7 proven to be the direct targets. [12] [13] [14] [15] Similarly, T-ALLs carrying the CALM-AF10 rearrangement show an elevated expression of especially HOXA5, HOXA9, HOXA10 and BMI1, 7 suggesting that these two aberrations activate common oncogenic pathways. However, as no obvious DNA binding domain exists in CALM, the mechanism of HOXA gene activation must be different. Previous gene expression analysis on a large group of T-ALLs already showed the existence of a HOXA-expressing subgroup, consisting of MLL, CALM-AF10 and TCRb-HOXA rearranged cases. 4 Interestingly, these data pointed to the expression of a specific short HOXA10b transcript in the TCRb-HOXA rearranged cases, which was absent in other T-ALLs. Given these findings and in order to make a comprehensive picture of patients carrying the TCRb-HOXA rearrangements, we analyzed additional T-ALL patients using fluorescent in situ hybridization (FISH) and realtime quantitative reverse transcriptase-PCR (RT-PCR) for expression of the long HOXA10 transcript. Cases showing overexpression of the long transcript of HOXA10 were subsequently analyzed for expression of the short HOXA10b transcript, which was shown to be specifically expressed in TCRb-HOXA rearranged cases. This study described the largest group of TCRb-HOXA rearranged T-ALLs identified so far and interestingly showed one patient carrying a triplication of a TCRb-HOXA on a ring chromosome 7, pointing to an additional mechanism of transcriptional activation of HOXA cluster genes. Moreover, all 14 TCRb-HOXA þ patients showed absence of additional molecular-cytogenetic alterations like SIL-TAL1, HOX11, HOX11L2, CALM-AF10 andNUP214-ABL1, providing further evidence for a distinct cytogenetic entity. In contrast, deletions of 9p21 harboring the tumor suppressor genes CDKN2A and CKDN2B and NOTCH1 activating mutations were present in 64 and 67% of TCRb-HOXA þ patients, pointing to a multistep oncogenesis in this cytogenetic T-ALL subgroup. Of further interest is the finding of the highly clustered breakpoints in three TCRb-HOXA-positive cases and all three showed breakpoints in intron 1A from HOXA9 and JB2.7-JB2.1 segments of the TCRb gene.
Materials and methods

Patients
Diagnostic bone marrow or pleural fluid samples from T-ALL patients were collected retrospectively at different cytogenetic centers. The only inclusion criterion was the diagnosis of T-ALL and the availability of fixed cells for FISH (n ¼ 424) and/or RNA or frozen cells for real-time quantitative RT-PCR (n ¼ 170 of 424). Besides newly diagnosed T-ALLs, these series of patient samples includes 229 cases analyzed in the HOX11L2 study of the Groupe Francophone de Cytogénétique Hématologique (GFCH), 16 patients analyzed in the first study, 3 that is, 94 patients analyzed with FISH and 26 with real-time quantitative PCR, and patients of another study, 4 that is, 92 patients analyzed by FISH and 21 with real-time quantitative PCR. This total series of patients included 50% children and adults. Diagnosis of T-ALL was made according to the morphological and cytochemical criteria of the French-American-British classification 17 and by immunophenotyping. 18 
Methods
Immunophenotyping. Immunophenotypical analyses were carried out in the respective centers according to established protocols. Blast cells were analyzed for forward/side scatter and fluorescence by BD FACS Calibur using monoclonal antibodies directed against CD34, CD33, CD13, CD2, CD3, CD5, CD7, CD1a, TdT, CD10, CD4, CD8, TCRab, TCRgd, CD19 and CD20.
Karyotyping. Figure 2 . DNA isolation of bacterial artificial chromosome (BAC) clones, labelling and FISH were performed as described previously. 20 Amplification of NUP214-ABL1 was investigated by the LSI BCR/ABL1 dualcolor, ES probe (Vysis, Abbott, Ottignies, Belgium) in 137 samples from which cytogenetic cell suspension was left out. Disruption of the MLL genomic locus was assessed by FISH with the commercial LSI MLL dual-color, break-apart probe (Vysis, Abbott, Ottignies, Belgium) in all patients (n ¼ 43) showing overexpression of HOXA10. Deletion of 9p21 was detected using the LSI p16 (9p21)/CEP 9 dual-color probe (Vysis, Abbott, Ottignies, Belgium) in all TCRb-HOXA rearranged cases.
RNA isolation, cDNA synthesis and real-time quantitative PCR. Frozen cells or RNA were available for expression analysis in 170 of 424 T-ALL patients. These included all TCRb-HOXA rearranged cases (n ¼ 14). All human samples were obtained according to the guidelines of the local ethical committees. RNA isolation from frozen cells was performed using TRIzol (Invitrogen, Merelbeke, Belgium) and the RNeasy mini kit (Qiagen, Hilden, Germany) or RNA Plus (Appligene, Illkirch, France) for detection of the NUP214-ABL1 amplification at different laboratories. DNase pretreatment, cDNA synthesis and SYBR green real-time quantitative PCR were performed for HOXA10 and HOXA10b expression as described previously. 3 Reactions were performed on an ABI Prism 5700 sequence detector (Applied Biosystems, Foster City, CA, USA). Real-time quantitative RT-PCR data analysis and expression normalization were performed using three internal control genes with the qBase data analysis software (Hellemans et al., in preparation; medgen.ugent.be/qbase). Expression analysis for the full-length transcript of the HOXA10 gene (Fw: 5 0 -GAGAG CAGCAAAGCCTCGC-3 0 ; Rev: 5 0 -CCAGTGTCTGGTGCTTCG TG-3 0 ) was performed in all 170 T-ALL patients. Cases showing 'overexpression' of this transcript were subsequently tested for the expression of the short HOXA10b transcript (Fw: 5 0 -GCAC TTCCGATCAATGTCAA-3 0 ; Rev: 5 0 -AGCGAACAAAGGCCAAG TT-3 0 ), or as described. 4 Cytogenetically proven TCRb-HOXA rearranged cases were analyzed for the expression pattern of all HOXA cluster genes with primers used as described. 3 The presence of a NUP214-ABL1 fusion was assessed by quantitative real-time RT-PCR using the fluorescent TaqMan methodology. Four NUP214 primers were used (X23, X29, X31, X34) (E Delabesse, personal communication) in combination with ABL primer (ENR 561) and probe (ENP541), previously designed for BCR-ABL transcript quantitation. 21 This PCR reaction can detect all NUP214 breakpoints that have been described so far. 22 T-ALL patients carrying the TCRb-HOXA rearrangement B Cauwelier et al
Expression of HOX11 was assessed using the primers designed by Ferrando et al. 23 in an SYBR green real-time quantitative RT-PCR as described previously. 24 Long-distance PCR and cycle sequencing. For 10 patients showing a TCRb-HOXA rearrangement (eight inv(7) (p15q34), one t(7;7)(p15;q34) and one triplication on a ring chromosome), DNA was extracted using the QIAmp DNA mini kit (Qiagen, Hilden, Germany). Long-distance PCR was performed using the iProof High-Fidelity PCR Kit (BioRad, Nazareth, Belgium), according to the manufacturer's instructions. Forward and reverse primers were selected in the HOXA9 and TCRb, Db1 gene, respectively, as breakpoints of four patients were suggested to be located between the HOXA9 and HOXA10 gene on der (7p) and upstream from the Db1 locus of the TCRb gene on der (7q), respectively. 4 Subsequently, fragments were sequenced using the ABI Prism BigDye Terminator v3.0 Ready Reactions Cycle Sequencing Kit and analyzed on an ABI3730 XL Sequence detector.
RT-PCR detection assays. A standard RT-PCR protocol was
used to detect the CALM-AF10 fusion in two separate RT-PCR assays using one CALM forward primer (5 0 -GCAATCTTGGC ATCGGAAAT-3 0 ) and either AF10 reverse primer AF10AS559
HOX11L2 was detected using a standard RT-PCR protocol with forward primer (5 0 -GCGCAT CGGCCACCCCTACCAGA-3 0 ) and reverse primer (5 0 -CCGCTCCGCCTCCCGCTCCTC-3 0 ), according to Bernard et al. 4 This study also includes 229 patients studied in the HOX11L2 study of the GFCH. 16 Incidence and immunophenotypical and molecular features of TCRb-HOXA rearranged T-ALL
The present study performed on 424 T-ALLs identified five patients carrying TCRb-HOXA rearrangements in addition to the first two studies, 3, 4 which brings the total to 14 cases (3.3% of T-ALLs studied): nine inv(7), two t(7;7) and one TCRb-HOXA triplication on a ring chromosome. For the remaining two cases, no mitoses were available, which hampers a distinction between an inv(7) or a t(7;7). The median age at diagnosis was 25.7 years (range 9-49 years) and affected both men and women (M/F: 8/6), whereas children were less affected (n ¼ 5 of 14, o18 years). All but three (n ¼ 11 of 14) TCRb-HOXA T-ALLs showed a typical CD2-negative immunophenotype, besides CD4 single positivity and low or lack of TCRab of TCRgd surface expression, pointing to an immature stage of maturation arrest. Remarkably, none of these TCRb-HOXA T-ALLs showed additional molecular-cytogenetic aberrations commonly observed in T-ALL (HOX11, HOX11L2, CALM-AF10, NUP214/ABL1, SIL-TAL1), except for 9p21 deletions, which were present in 64% (9/14) of TCRb-HOXA-positive cases, most of which were mono-allelic deletions. NOTCH1 activating mutations were present in 67% (8/12) of the TCRb-HOXA T-ALLs, mostly affecting exon 26 of the HD domain and included deletions, insertions and missense mutations. PEST domain mutations were present in two cases, both were point mutations that created a premature stop codon, whereas exon 27 of the HD domain carried a missense mutation in a single patient. One patient showed both a PEST domain and an HD domain exon 26 mutation.
Karyotypic findings in TCRb-HOXA-positive T-ALL patients
Conventional karyotyping showed clonal aberrations in seven out of 14 TCRb-HOXA rearranged cases. Of these seven patients, an inv(7)(p15q34) was cytogenetically found in all metaphases in two patients (case no. 2 and no. 4; Figure 1 ), whereas two other patients showed only a del(7)(p15). Taken together, a chromosome 7 aberration was suggested in four out of 14 cases. Interestingly, case no. 10 harbored a monosomy 7 and a ring chromosome, which was shown to be derived from chromosome 7 upon further analysis. Only few additional chromosomal abnormalities were found in five patients and included add(6)(qter) (case no. 2), del(6)(q14) (case no. 5), add(5)(q31) (case no. 8), del(9)(p21) (case no. 5), del(9)(p12p24) (case no. 4) and þ 11 and þ 21 (case no. 3). TCRb-HOXA triplication as an alternative mechanism for HOXA upregulation Based on real-time quantitative RT-PCR results for HOXA10 and HOXA10b expression in 170 T-ALLs, we could identify five additional TCRb-HOXA rearranged cases. Among these, there was a patient showing an interesting hybridization pattern, using FISH with TCRb and HOXA flanking probes: the TCRb (RP11-1220K2) and HOXA (RP5-1103I5) proximal flanking BACs showed 3-6 signals in 98% of interphase cells with deletion of both the TCRb (RP11-556I13) and HOXA (RP1-167F23) distal flanking BACs (Figure 2) . The majority of metaphases showed a triplication of these proximal flanking BACs on a ring/marker chromosome, which was already detected by karyotypic analysis (see Table 1 ). Further FISH analysis, using a whole chromosome paint probe, identified the ring chromosome as chromosome 7 (data not shown). Given the abnormal hybridization pattern using TCRb and HOXA flanking FISH clones, additional FISH was performed with BACs covering the HOXA and TCRb gene locus (Figure 2 ) and revealed the same hybridization pattern for clones RP11-1025G19, RP11-1132K14 (HOXA covering) and RP11-784K24, RP11-701D14 (TCRb covering), that is, 3-6 fusion signals in both the nuclei and on the ring chromosome, whereas telomeric HOXA covering FISH clones showed a deletion in the majority of cells (RP11-1036C18, RP11-163M21). Finally, a FISH analysis using a combination of both proximal TCRb and HOXA flanking FISH probes confirmed the juxtaposition and triplication of these two loci on the ring chromosome 7.
TCRb-HOXA rearranged T-ALL specifically express HOXA10b
Real-time quantitative PCR for HOXA10 expression in 170 T-ALL cases revealed an upregulated expression in 43/170 (25.2%) of cases, whereas only 14 carried the TCRb-HOXA rearrangement (8.2%). Upregulation of HOXA10 expression was defined as expression of more than the mean expression level of all samples analyzed. Given the fact that within the TCRb-HOXA-positive group, there was a large fluctuation of expression levels with some samples showing very low expression (similar to thymocytes), we put the threshold for positivity sufficiently low, in order to avoid missing any true positive cases. Consequently, it can be expected that some of the cases included as positive represent normal HOXA10 expression reflecting their stage of differentiation arrest. Five CALM-AF10-positive patients and two MLL rearranged patients, which are known to be HOXA-expressing T-ALL subtypes, were also included in this series. Interestingly, one patient showing HOXA10 overexpression carried an NUP214/ABL1 fusion. However, for the remaining 21/170 patients showing elevated HOXA10 expression, there was a lack of evidence for one of the genetic alterations mentioned above. In 30 out of the 43 patients showing HOXA10 overexpression, material was available to detect the presence of the HOXA10b short transcript. Interestingly, 16 of these 30 patients tested showed expression of HOXA10b, whereas expression was absent in the remaining T-ALL patients. Remarkably, these 16 HOXA10b-positive patients included all 14 TCRb-HOXA rearranged cases and only two additional T-ALL patients lacking this rearrangement or other chromosomal defects. These data demonstrate that overexpression of this transcript is almost typically found in the TCRb-HOXA rearranged cases.
HOXA expression profiling of TCRb-HOXA rearranged T-ALL Gene expression of the different HOXA cluster genes (HOXA1, HOXA2, HOXA3, HOXA4, HOXA5, HOXA6,  HOXA7, HOXA9, HOXA10, HOXA11 and HOXA13 T-ALL patients carrying the TCRb-HOXA rearrangement B Cauwelier et al cases. As expected, TCRb-HOXA rearranged cases showed an upregulation of especially 5 0 HOXA cluster genes compared to non-TCRb-HOXA cases ( Figure 3 ). However, upregulation of individual HOXA cluster genes was statistically significant only for genes HOXA3 (P ¼ 0.007), HOXA9 (P ¼ 0.0002), HOXA10 (P ¼ 0.001) and HOXA11 (P ¼ 1.05 Â 10
À5
). Interestingly, case no. 10 carrying the TCRb-HOXA fusion on a ring chromosome 7 showed an expression pattern of HOXA cluster genes more in favor of the 3 0 located HOXA cluster genes (HOXA1, HOXA2, HOXA3) than 5 0 located genes HOXA9, HOXA10, HOXA11 and HOXA13. This might suggest a different breakpoint localization compared to breakpoints clustered in the HOXA9 gene in three other TCRb-HOXA rearranged cases (see below).
Clustered breakpoints in TCRb-HOXA rearranged T-ALL cases
Long-distance PCR using HOXA9 forward and TCRb-Db1 reverse primers as suggested by Soulier et al. 4 was successful in three out of 10 patients. This revealed amplicons with various lengths for each patient: patient 2, 2-3 kb; patient 8, 6-7 kb; and patient 9, 4-5 kb (not shown). Sequencing analysis showed that all three patients had breakpoints within a 2.9 kb region of intron 1A (total length: 3.8 kb) of the HOXA9 gene and within a 1.1 kb region of the TCRb gene. Breakpoints within the TCRb gene were located at the JB segments: JB2.7 (case no. 2), JB2.5 (case no. 8) and JB2.1 (case no. 9) (Figure 4 ). RSS sequences were found at the TCRb, JB segments at 50-100 bp upstream from the respective breakpoints, suggesting aberrant VDJ recombination as possible mechanism leading to this translocation. The fact that this analysis was unsuccessful in the remaining seven patients, including the TCRb-HOXA triplication, might suggest the existence of other breakpoints located 3 0 of HOXA9 gene or alternative TCRb breakpoints.
Discussion
In this study, we report the findings of a retrospective screening of 424 T-ALL patients in search for specific clinical and biological characteristics of T-ALLs carrying a TCRb-HOXA rearrangement, which we and others 4 recently described as a new cytogenetic entity.
3 This large-scale study revealed a slightly lower incidence of the abnormality than previously assumed, that is, 3.3% (14/424) compared to our first report (5%). 3 The median age at diagnosis was situated in the third decade (25.9 years; range 9-49 years) and affects both men and women (M/F: 8/6). Clinical findings were not significantly (6)(qter), inv(7)(p15q34) [20] 46,XX, add(6)(qter), inv(7)(p15q34) [20] (7)(p15q34), del(9)(p12p24) [29] 46,XX, inv(7)(p15q34), del(9)(p12p24) [29] 46,XX,inv(7)(p15q34) [9] [15] No available mitoses: inv(7) or t(7;7)(p15;q34) -HOXA  non TCRB-HOXA   HOXA1  HOXA2  HOXA3  HOXA4  HOXA5  HOXA6  HOXA7  HOXA9  HOXA10 HOXA11 HOXA13 Figure 3 Geometric mean of expression levels of different HOXA cluster genes in TCRb-HOXA rearranged cases versus non-rearranged cases.
T-ALL patients carrying the TCRb-HOXA rearrangement B Cauwelier et al different from T-ALL in general. 27 The number of patients collected so far (n ¼ 14) is rather small to make conclusions regarding survival. Nonetheless, four out of 14 patients deceased 24 (n ¼ 3) and 48 (n ¼ 1) months after diagnosis, which is comparable to the overall survival in T-ALL.
The reported typical immunological profile of TCRb-HOXA rearranged cases (CD2À, CD4 þ , CD8À) was confirmed in all but three cases. T-ALLs used to be classified according to the European Group for the Immunological Characterization of Leukemias (EGIL) classification in T1 and T2 (immature T-ALL) and T3 and T4 (mature T-ALL), largely depending on the expression of CD1a. 18 With this classification, the TCRb-HOXA þ T-ALLs could be assigned to the group of mature T-ALLs (T3-T4). Recently, a TCR-based classification of T-ALLs was described, which demonstrated that T-ALLs largely reproduce normal thymic development and allowed separation of cases into TCRab þ , TCRgd þ T-ALLs and immature/ uncommitted, TCR and cytoplasmic TCRb-negative cases. 28 Furthermore, the authors demonstrated that specific oncogenetic subclasses of T-ALL were associated with a specific, ageindependent stage of maturation arrest. In line with this classification, it seems that the oncogenic pathways leading to the TCRb-HOXA rearrangements are mostly situated at the immature stage of thymic development based on the lack of expression of surface TCR.
Interestingly, the 14 TCRb-HOXA rearranged cases failed to show additional molecular/cytogenetic features frequently found in T-ALL such as HOX11, HOX11L2, SIL-TAL1 deregulation or CALM-AF10 rearrangements and NUP214-ABL1 amplification. Recently, the first T-ALL patient carrying a TCRd-HOXA rearrangement was described and most interestingly, this case carried a CALM-AF10 aberration, 29 raising questions regarding mechanistic or oncogenic synergy between CALM-AF10 and HOXA rearrangements. The lack of additional molecular/ cytogenetic features in the TCRb-HOXA rearranged cases is in contrast to other cytogenetic subgroups like NUP214-ABL1 amplified T-ALL, which is associated with HOX11, HOX11L2 upregulation, but further suggests that the TCRb-HOXA rearranged T-ALLs have a unique oncogenic pathway not shared with other known oncogenic events. However, deletions of 9p21 harboring the tumor suppressor genes CDKN2A (encoding p14 and p16) were present in nine out of 14 cases, suggesting a multistep pathogenesis with deletion of a tumor suppressor gene acting in concert with activation of HOXA proto-oncogenes. Similarly, activating NOTCH1 mutations were present in as much as 67% (8/12) of TCRb-HOXA-positive T-ALLs, which is in line with previous findings in T-ALL. 30 These findings further suggest that HOXA oncogenes might cooperate with NOTCH1 in T-ALL pathogenesis.
Expression profiling of 10 TCRb-HOXA-positive cases confirmed our previous findings, that is, a significant upregulation of HOXA cluster genes HOXA3 (P ¼ 0.007), HOXA9 (P ¼ 0.0002), HOXA10 (P ¼ 0.001) and HOXA11 (P ¼ 1.05 Â 10 À5 ), whereas another study found different levels of upregulation of all HOXA genes in this subgroup. 4 This discordance might be due to a different approach towards normalizing gene expression data and lack of statistical analysis. Interestingly, Soulier et al. 4 pointed to the presence of a specific short alternative HOXA10b transcript, which was exclusively present in the TCRb-HOXA rearranged cases. Real-time quantitative RT-PCR for expression of HOXA10b revealed a specific expression in all TCRb-HOXApositive cases (n ¼ 14), whereas MLL þ and CALM-AF10 þ cases lacked expression of this alternative transcript. This finding further suggests that the TCRb-HOXA subgroup of T-ALL has at least a specific oncogenic pathway not shared with other cytogenetic subgroups.
A hallmark of homeobox gene expression seems to be a high frequency of alternative splicing events leading to transcripts that would encode partial homeobox proteins lacking either the homeodomain or transcriptional regulatory domains, or containing alternative putative regulatory regions. 31, 32 Alternatively, spliced homeobox-containing cDNAs from the HOXA10 gene were cloned first from two myeloid leukemia cell lines 32 and shared the homeodomain and 3 0 flanking regions but had unique 5 0 flanking regions ( Figure 5 ). Expression of the fulllength transcript was detected predominantly in cell lines with a myeloid phenotype, whereas the short transcript was the major transcript in a B-cell line (CESS) and a T-cell line (MOLT). The splicing of HOXA10 in normal bone marrow and primary samples of myeloid leukemias seemed to be different from that observed in leukemic cell lines, 33 with the full-length HOXA10 transcript being the predominant transcript in this group, whereas immortalized cell lines contained the additional short transcript. However, in this study, no HOXA10 expression was detected in cell lines or primary samples with lymphoid or erythroid features, whereas we found HOXA10 expression in 25.2% of primary T-ALLs and in one T-ALL cell line (RPMI 8402). These conflicting results could be due to the small number of T-ALL samples analyzed (n ¼ 6) and the lower Figure 5 Genomic structure of the HOXA10 locus with alternative mRNA transcripts HOXA10a (full length) and HOXA10b (short transcript).
T-ALL patients carrying the TCRb-HOXA rearrangement B Cauwelier et al sensitivity of the methods used (RNase protection assay) in this study. The functional role of the N-terminal region of homeobox proteins is largely unknown. However, Zappavigna et al. 34 reported the first evidence that sequences in the N-terminal region of a HOX protein influence transcriptional activity. Interestingly, we found one patient showing overexpression of both HOXA10 and HOXA10b, which revealed a triplication of HOXA and TCRb flanking clones with deletion of the distal clones on a ring chromosome 7. In this case, HOXA10 overexpression was not only due to the juxtaposition of these two genes, but also due to gene dosage. Ring chromosome formation may occur by two mechanisms: (1) double-strand breaks in each arm of a chromosome with subsequent fusion of the proximal broken ends; and (2) fusion of dysfunctional telomeres from the same chromosome. 35 FISH with telomeric probes showed absence of both 7pter and 7qter in the ring chromosome, suggesting that the first mechanism was responsible for ring formation in this patient. Acquired ring chromosomes have been found in many types of human neoplasia, especially in mesenchymal tumors but infrequent in acute leukemia. 35, 36 In this particular patient, the ring chromosome showed little or no size variation, and lacked telomeric sequences but carried multiple [3] [4] [5] [6] copies of the TCRb-HOXA juxtaposition. So far, proto-oncogene amplification by ring chromosome formation was mostly described in solid tumors such as dermatofibrosarcoma protuberans, which is characterized by a reciprocal t(17;22)(q22;q13) or more commonly by supernumerary ring chromosomes containing amplified sequences from chromosomes 17, 22 and 8. 37, 38 In leukemia, the mechanism of proto-oncogene activation by amplification on ring chromosomes was never reported in lymphoid leukemia but only demonstrated in rare myeloid leukemia cases. These amplifications on ring chromosomes have been described in the following myeloid leukemia cases: three cases with MLL amplification, 39 one with ETV6 amplification 40 and two cases with AML1 amplification on ring chromosomes. 41 Several amplification mechanisms have been proposed, that is, looping out of extra chromosomal sequences 42 without evidence of chromosomal rearrangements, breakage-fusion-bridge cycles that can be triggered by fragile site induction 43 and a translocationdeletion-amplification model. 44, 45 Most of these mechanisms rely on unequal segregation of chromosome sequences during mitosis.
Based on karyotypic analysis, the TCRb-HOXA rearrangement could be readily detected in two patients with exclusively abnormal metaphases, whereas two patients showed a del(7)(p15). This suggests that the rearrangement is not fully cryptic, but detection depends on the percentage of goodquality abnormal clonal metaphases within the karyotype and the banding technique (R-banding). Additional karyotypic aberrations were found in five separate cases and included add(6) 6(qter), del(6)(q14), add(5)(q31), del(9)(p21), del(9)(p12p24), þ 11 and þ 21.
Genomic breakpoints in three out of 10 patients showed a clustered pattern in the TCRb and HOXA gene locus and were located between the JB2.1 and JB2.7 segments at the TCRb locus (1.1 kb) and within the intron 1A of the HOXA9 gene (2.6 kb). The fact that this could not be demonstrated in the remaining seven patients, including the TCRb-HOXA triplication, might suggest the existence of other breakpoints in the HOXA and/or TCRb regions. RSS sequences were found at the TCRb, JB segments at 50-100 bp upstream from the respective breakpoints, suggesting aberrant VDJ recombination as possible mechanism leading to this translocation. This is in line with previous reports of genomic breakpoints within TCR genes 46, 47 suggesting aberrant VDJ recombination as the most important mechanism leading to these translocations. However, recently, a t(7;14)(p15;q11) involving HOXA genes on chromosome 7p and TCRd genes at 14q11 failed to show RSS-like sequences on the derivative chromosome 7, suggesting that other mechanisms might be involved in this TCR rearrangement. 29 In conclusion, the present study covers the largest group of TCRb-HOXA rearranged T-ALLs identified so far and summarizes clinical, immunophenotypical and molecular genetic characteristics of this subgroup. Most interestingly, this series includes the first case of oncogene triplication by ring chromosome formation in T-ALL, that is, triplication of the TCRb-HOXA fusion, probably as a secondary genetic event subsequent to chromosomal rearrangement.
